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Primary ciliary dyskinesia (PCD; MIM 242650) is an autosomal
recessive disorder of ciliary dysfunction with extensive genetic
heterogeneity. PCD is characterized by bronchiectasis and upper
respiratory tract infections, and half of the patients with PCD have
situs inversus (Kartagener syndrome). We characterized the tran-
script and the genomic organization of the axonemal heavy chain
dynein type 11 (DNAH11) gene, the human homologue of murine
Dnah11 or Ird, which is mutated in the iv/iv mouse model with situs
inversus. To assess the role of DNAH11, which maps on chromo-
some 7p21, we searched for mutations in the 82 exons of this gene
in a patient with situs inversus totalis, and probable Kartagener
syndrome associated with paternal uniparental disomy of chro-
mosome 7 (patUPD7). We identified a homozygous nonsense
mutation (R2852X) in the DNAH11 gene. This patient is remarkable
because he is also homozygous for the F508del allele of the cystic
fibrosis transmembrane conductance regulator (CFTR) gene. Se-
quence analysis of the DNAH11 gene in an additional 6 selected
PCD sibships that shared DNAH11 alleles revealed polymorphic
variants and an R3004Q substitution in a conserved position that
might be pathogenic. We conclude that mutations in the coding
region of DNAH11 account for situs inversus totalis and probably
a minority of cases of PCD.

Primary ciliary dyskinesia (PCD) (MIM 242650) is an auto-
somal recessive disorder with extensive genetic heterogene-
ity (1) that usually comes to medical attention because of
recurrent upper respiratory tract infections (rhino-sinusitis,
bronchitis, and bronchiectasis) or, in the adult male, because of
infertility. In 50% of PCD patients there is dextrocardia, with or
without situs inversus totalis; in this case the disorder is also
referred to as Kartagener syndrome (MIM 244400). The prev-
alence of PCD has been estimated as 1 in 20,000-60,000.

The prevalence of situs inversus of any etiology appears to be
in a range between 1 in 25,000 and 1 in 8,000. Twenty to
twenty-five percent of these individuals with complete, mirror-
image situs inversus have ciliary dyskinesia and respiratory
symptoms (Kartagener syndrome) as associated findings (2).

In most of cases with PCD, electron microscopy reveals
abnormalities of structural organization of the axoneme in cilia
from respiratory epithelia and in spermatozoa. Yet other cases
have structurally normal but dysmotile or immotile cilia. It has
been suggested that subtle structural deficiencies of cilia may
also be more common than previously estimated (3). The
axoneme is composed of about 250 distinct proteins (4). Electron
microscopy of the ciliary microtubules frequently reveals ab-
sence or abnormalities of the outer and/or inner dynein arms (5).
These arms are multisubunit protein complexes with ATPase
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activity that promote sliding between adjacent microtubules, the
basic action resulting in the beating of cilium and flagellum. The
axonemal dynein arms are composed of heavy, intermediate, and
light dynein chains (6). A defect in any one of these proteins
could lead to an abnormal dynein arm and/or defective beating
activity of the axoneme.

Our earlier linkage analyses in a large number of PCD families
revealed extensive genetic heterogeneity (7). No single genomic
region harboring a common PCD locus was identified, but
several potential chromosomal regions that could harbor genes
for PCD were localized (7).

To date, mutations in two genes have been associated with a
minority of PCD/Kartagener syndrome cases. These are genes
coding for the dynein axonemal intermediate chain 1 (DNAI1)
(8-10) and the dynein axonemal heavy chain 5 (DNAHS) (11).
Loss of function of the murine Dnah5 dynein gene also causes
PCD in the mouse (12). Other genes coding for axonemal
dyneins, such as the heavy chain DNAH9, the intermediate chain
DNAI2, and the light chain LCS8, were recently excluded as major
causes of PCD (13, 14, ¥1). Moreover, the FOXJ1 gene, encoding
a transcription factor involved in ciliary development, was also
excluded as common cause of PCD (15).

In this study we characterized the human gene for axonemal
heavy chain dynein DNAHII and investigated its potential
involvement in PCD. We detected a homozygous nonsense
DNAHI11 mutation in a patient with situs inversus and likely
PCD and paternal uniparental isodisomy 7. Sequence analysis of
the DNAH11 gene in an additional 6 selected PCD sibships that
shared DNAHI1 alleles revealed polymorphic variants and an
R3004Q substitution in a conserved position that could be
pathogenic. This study provides evidence that the DNAH11 gene
is involved in the pathogenesis of situs inversus totalis and
probable PCD, albeit in a small fraction of unrelated families.

Materials and Methods

Patients. As part of an international collaboration, we collected
well characterized families with PCD, 31 of which have two or
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more affected individuals; these families were described in ref 7.
A microsatellite (CA)n repeat, D7S493, beginning at nucleotide
+22 of intron 55 of the DNAH11 gene, was used as a marker to
genotype the members of these 31 families. This marker was
PCR-amplified with touchdown cycles from 50-60°C as the
annealing temperature, using primers 5'-GGAAGTTC-
CCAGCCATAGTT-3" and 5'-GAAAGCACTTACCTACT-
GAGGATTT-3'. Six families in which affected individuals
shared both alleles at marker D7S493 were chosen for further
mutation analysis.

DNA from a previously described male patient (C.C.) with
significant respiratory disease, abnormal sweat chloride test, and
homozygosity for the F508del mutation in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene (16) was
also analyzed. The respiratory disease had an earlier age of onset
and was considerably more severe than in patients with CFTR
F508del homozygosity. At his current age of 7 years, the patient
is on continuous oxygen and assisted ventilation and is consid-
ered to have end-stage lung disease. In addition to cystic fibrosis,
this patient has dextrocardia with a structurally normal heart and
visceral situs inversus with one structurally normal spleen.
Biopsy of a clinically normal bronchial region (without inflam-
mation) was performed to evaluate ciliary function and struc-
ture. No normal ciliary motion was observed, despite the lack of
an inflammatory infiltrate. Electron microscopy demonstrated
structurally normal cilia, with the typical 9 + 2 doublet micro-
tubular configuration and normal inner and outer dynein arms.
The likely diagnosis is the co-occurrence of two distinct but
related phenotypes, those of cystic fibrosis and of PCD. Paternal
uniparental disomy (UPD) for chromosome 7 was suspected and
confirmed, as the F508del CFTR mutation was not present in the
mother’s DNA (16).

Genomic and ¢cDNA Sequences of DNAH11. We first identified 2
overlapping clone sequences contributed by the Genome Se-
quencing Center of the Washington University School of Med-
icine (GenBank accession nos. AC005078 and AC004002) cod-
ing for the central region of a putative outer arm axonemal beta
heavy dynein chain that mapped to chromosome 7p21. Sequence
comparison indicated that the putative protein was highly
homologous to the mouse Dnah11/Ird predicted protein. Addi-
tional sequenced clones were added from the publicly available
genome sequence (www.ncbi.nlm.nih.gov/genome/guide/
human/): AC004595 corresponding to the 5’ end of the gene,
AC73102, AC013481, and AC092097, and a larger contig with
gaps was constructed. The public data were integrated with
those of the Celera database (www.celera.com/) (clone
GA x2HTBL43YA41) to reconstruct the entire sequence of the
region harboring the human DNAHII gene.

The sequence data were used to determine the genomic structure
and the exon-intron junctions, to recognize informative dinucle-
otide polymorphisms internal to the gene and to develop oligonu-
cleotide primers for the cloning of the DNAHII cDNA.

Detailed analysis of the genomic sequence was performed by
using numerous programs, many of which interfaced with NIX at
Human Genome Mapping Project (www.hgmp.mrc.ac.uk/
registered/webapp/NIX/).

Short partial cDNA sequences corresponding to the first P-loop
of DNAH]I1, and a few expressed sequence tags were available in
the early stages of the DNAH11 cDNA characterization. Additional
cDNA sequences were determined by several methods, including 5’
and 3’ rapid amplification of cDNA ends (RACE), reverse tran-
scription (RT)-PCR, and ¢cDNA library screening.

Probes corresponding to different DNAHI11 exons were used
to screen approximately 600,000 clones from a human testis
Agtl0 cDNA library 5" stretch (CLONTECH). Clones with
sequences identical to the genomic sequence were further ana-
lyzed and used as probes to expand the cDNA cloning. PCR
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amplification of testis and fetal lung cDNA libraries with vector
primers Agt10F or Agtl1OR and a DNAH]II-specific primer was
also used to obtain additional sequences of DNAH11. The 5" and
3" RACE reactions were performed on mRNA from human
nasal epithelium after in vitro ciliogenesis (17), and were per-
formed on fetal lung poly(A) RNA by using the Marathon cDNA
amplification or the SMART-RACE cDNA kits (CLONTECH),
according to the manufacturer’s specifications.

The genomic sequence allowed the in silico determination of
all DNAH 11 exons by BLAST analysis using the mouse Ird /Dnah11
cDNA and the human cDNA sequences. The identity of putative
exons was confirmed by RT-PCR from nasal epithelium, testis,
and fetal lung cDNAs or cDNA libraries. Analysis of the putative
protein sequence was performed with numerous computer pro-
grams available through the “Tools” option of EXPASy (www.
expasy.org/tools/). Multiple sequence alignments with pub-
lished full-length axonemal dyneins were performed by using the
CLUSTALW program (18) and shaded with GENEDOC (www.
psc.edu/biomed/genedoc/).

Mutation Search. The 82 exons of the DNAHII gene were
amplified by using DNA from one affected individual from each
sibship showing concordance for both DNAH]I1 alleles, and from
patient C.C. The amplicons were purified by Qiaquick columns
(Qiagen) and directly sequenced by using standard protocols for
the ABI377 automated sequencer. Sequence analyses and as-
sembly were performed by using the gap4 of Staden package (19)
and SEQUENCHER (Gene Codes) programs. When differences
from the publicly available genomic sequence were found, the
corresponding exons were amplified and sequenced in 10 unre-
lated controls from the Centre d’Etude du Polymorphisme
Humain (CEPH) families (20), and in appropriate Hispanic
controls.

Results and Discussion

In this study we investigated the potential involvement of a
candidate gene, DNAHI11, in situs inversus and PCD. The
rationale for selecting the axonemal heavy chain dynein 11,
DNAHI11, gene is fourfold. First, various chains of axonemal
dyneins are structural components of the dynein arms (6) within
the ciliary microtubular structures of respiratory epithelia
and sperm cells; these arms are often absent or defective in
PCD patients (5). In addition, mutations of evolutionarily con-
served dynein genes cause ciliary movement abnormalities in
Chlamydomonas (21). Second, a missense mutation (E2271K) in
the homologous mouse gene Dnahll (Ird), has been described
in the iv/iv (inversum viscerum) murine model that is charac-
terized by situs inversus and immotile cilia in the embryonic node
(22). The mutation lies in the motor domain, and might disrupt
a microtubule-binding domain (23). Dnahll is expressed in the
node of the embryo at day 7.5, and is involved in left-right axis
determination of the organs. Cilia in the node rotate rapidly,
producing a flow of embryonic fluids; in the iv/iv mouse, it has
been observed that the flow of fluid was missing (24). Targeted
disruption of the mouse Dnahll (Ird) gene results in random-
ization of laterality; the monocilia of mutant embryonic node
cells were immotile (25). Third, a patient (C.C.) of Hispanic
origin has been described with paternal uniparental isodisomy 7
and two different recessive disorders, namely cystic fibrosis
(because of homozygosity of the CFTR gene F508del mutation),
and most likely PCD with dextrocardia and situs inversus totalis
(16). We hypothesized that PCD in this patient was caused by the
presence of another recessive mutation in a gene on chromo-
some 7 brought to homozygosity through UPD7. Fourth, the
DNAHI1 gene maps to 7p15.3-21, a chromosomal region that in
our genome-wide scan showed an NPL (nonparametric loga-
rithm of odds) score of 1.44 for PCD families with dynein arm
deficiency (7).
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Fig. 1. (A) DNAHT11 gene. Chromosomal localization, genomic clones, and exon distribution shown as the output of the Nix program (http://

menu.hgmp.mrc.ac.uk/menu-bin/Nix/Nix.pl). Exons are numbered. Nucleotide numbers are shown in the thick green line. Clones corresponding to the
nucleotide sequences are also shown. (B) Schematic representation of the domain structure of DNAH11 (not exactly to scale). P1-P4, the four P-loops;
AAAT-AAAG, the six AAA modules; Helix1-MT-Helix2, the B-link that includes the microtubule binding domain. The positions of the R2852X mutation and the
other amino acid substitutions found are shown. (C) DNA sequence chromatogram of exon 52 of DNAH11 showing homozygosity for the nonsense R2852X
mutation. (D) Nuclear pedigree of patient C.C. with paternal UPD7 and schematic representation of portions of chromosome 7 with mutations in the CFTR and

DNAHT11 genes. The mutant alleles are shown with red symbols, and the normal alleles are shown with clear symbols.

We used several different methods (cDNA library screening
from human nasal epithelium and testis, RT-PCR, 5" RACE,
comparisons with the public and Celera genome sequences) to
determine the full-length cDNA sequence of the DNAH11 gene,
which consists of 13,670 nucleotides and contains an 13,569-nt
ORF (GenBank accession no. AJ320497). Several alternatively
spliced forms also exist. Comparison of the DNAHII cDNA
sequence to that of the overlapping bacterial artificial chromo-
somes (26) (GenBank accession nos. AC013481, AC005078,
AC004595, AC092097, and AC004002) and Celera contig
GAx2HTBL43YA41 (27) allowed us to determine the genomic
structure, intron-exon boundaries, and the precise mapping of
DNAHII within 7p21. The gene is composed of 82 exons,
extending over 353 kb of genomic sequence (Fig. 14). The
longest DNAH11 cDNA that includes all identified exons, ex-
pressed in nasal epithelium or testis, encodes a putative protein
of 4,523 amino acid residues. The putative protein (Fig. 1B and
Fig. 2, which is published as supporting information on the PNAS
web site, www.pnas.org) shows 84% identity and 91% similarity
with the predicted mouse DNAHI11 protein, as well as a high

10284 | www.pnas.org/cgi/doi/10.1073/pnas.152337699

degree of homology (up to 77% identity) with previously de-
scribed outer-arm axonemal 3 heavy chain dyneins from differ-
ent species.

Mutation analysis (by direct sequencing of PCR products) of
all 82 DNAHI1 exons and the corresponding 160 intron-exon
junctions of DNA from patient C.C. revealed a homozygous
nonsense mutation (¢.8554C—T; R2852X) in exon 52 (Fig. 1 C
and D). The presence of the mutation was confirmed in a second
sample. This mutation lies within the motor domain, 10 aa before
the fourth P-loop. The mutant protein is predicted to contain a
normal N-terminal tail domain, and three of the six AAA
(ATPases Associated diverse cellular Activities) domains (28,
29). Because the N-terminal tail is predicted to be present, if
stable, the mutant protein should be correctly incorporated into
the dynein arm complex. The mutant protein would, however,
not be expected to apply force to the adjacent microtubule
doublet, given the absence of the microtubule binding domain.
This hypothesis is compatible with the electron microscopic
findings in the patient’s cilia, which revealed normal axonemes
and dynein arms (see figure 1 of ref. 16).

Bartoloni et al.



Table 1. Exonic variants in DNAH11: Pathogenic mutations vs. polymorphisms

Codon AA

Exon change change Polymorphism vs. pathogenic mutation Patients with variant*

1 ACC — ACT T18T Polymorphism; no amino acid change, + controls* uUcCL09

1 GAG —» TTG E34L Polymorphism; + controls, GVA12, GVA29, GVA30, UCLO3

4 AAT — AAC N235N Polymorphism; no amino acid change, + controls UCL09

6 CCA — CCG P355P Polymorphism; no amino acid change, + controls GVA29

11 CAG — CGG Q639R Polymorphism; mouse Dnah11 has R, + controls GVA30, UCL09

11 TCT - TGT $654C Polymorphism; + controls GVA30, UCL09

14 GCA — GCG A818A Polymorphism; no amino acid change, + controls GVA29, GVA30, UCL09

16 GTC — GCC V1023A Polymorphism; + controls GVA12, GVA15, GVA30, UCLO3

16 GCT — ACT A1038T Polymorphism; + controls C.C. hoz, GVA15, GVA12

25 ATT — ATC 11488l Polymorphism; no amino acid change, + controls GVA15, GVA29, GVA30

28 GAT — GGT D1640G Polymorphism; + controls, no new splice site* GVA29

45 TIC—>TTT F2437F Polymorphism; no amino acid change, + controls GVA12, GVA15 hoz, GVA29, GVA30,
UCLO03 hoz

45 TCG - TCA S2452S Polymorphism; no amino acid change, + controls C.C. hoz, GVA29, GVA30

46 ACG — ACA T2549T Polymorphism; no amino acid change, + controls C.C. hoz, GVA12, GVA15 hoz, GVA29
hoz, GVA30, UCL03, UCL09

47 CAC — CAT H2599H Polymorphism; no amino acid change, + controls GVAZ29, UCL09

48 AGT — AAT S2641N Polymorphism; + controls C.C. hoz, UCL03, UCL09

49 ATT — GTT 12682V Polymorphism; mouse Dnah11 has V, + controls GVA29

52 CGA - TGA R2852X Nonsense codon; pathogenic C.C. hoz

55 CGG — CAG R3004Q Potential pathogenic mutation GVA29

64 GCC — ACC A3474T Polymorphism; mouse Dnah11 has T, + controls GVA12 hoz, GVA29 hoz

68 TTG — GTG L3715V Polymorphism; mouse Dnah11 has V, + controls C.C. hoz

69 TCT — CCT S3765P Polymorphism; + controls C.C. hoz

69 CAT — CAC H3773H Polymorphism; no amino acid change, + controls GVA12

77 ATT - ACT 14177T Polymorphism; + controls GVA12, GVA29, UCLO3

80 CTC —- CTA L4383L Polymorphism; no amino acid change, + controls GVA15 hoz, GVA29 hoz, GVA30,

UCLO3 hoz, UCLO9

*hoz, homozygous for the variant; all others were heterozygous.
T+ controls: the variant was found in controls.

*Splice site consensus checked at http://125.itba.mi.cnr.it/~webgene/wwwspliceview.html and www.fruitfly.org/cgi-bin/seq_tools/splice.pl.

We also detected several sequence variants in patient C.C., all
in homozygous form, some of which result in amino acid
substitutions (V1023A, A1038T, S2641N, and S3765P). None of
the other 54 unrelated PCD/Kartagener syndrome patients from
our collection, nor the 140 DNAHI1 Hispanic control alleles
tested, had the R2852X nonsense codon. Analysis of patient C.C.
provides convincing evidence that mutations in DNAHII are
associated with situs inversus totalis and probably one form of
PCD. This is to our knowledge the first time that a patient with
uniparental isodisomy led to the positional candidate cloning of
a disease-related gene; moreover, the case of C.C. is unique
because this patient is likely to have two distinct recessive
disorders (cystic fibrosis and PCD), caused by different mutant
genes on the same chromosome 7; an alternative, but less likely
explanation is that the patient has cystic fibrosis and isolated
situs inversus totalis. Aside from the laterality defect, the
mucociliary clearance abnormality in patient C.C. could result
from either or both disorders, cystic fibrosis and PCD.

After confirming the DNAH11 mutation in patient C.C., we
subsequently selected 6 multiplex PCD families (GVA12,
GVA1S, GVA29, GVA30, UCL03, UCL09) in which affected
individuals showed concordant inheritance of both alleles for the
highly polymorphic D7S493 microsatellite marker within intron
55 of DNAHI11. The DNA from one affected from each of these
6 families was screened for mutations in the 82 exons of DNAH11
and in the intron—exon junctions. We found 23 exonic changes
(Table 1); 11 silent and 12 altering an amino acid. A further 19
intronic sequence variants within 50 nt of the exon boundaries
were detected (Table 2). The 12 missense variants were further
categorized as either benign variants or potentially pathogenic
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mutations. The likely polymorphisms were E34L, QG639R,
S654C, V1023A, A1038T, D1640G, S2641N, 12682V, A3474T,
V3715L, and 14177T.

The missense mutation R3004Q was found in heterozygous
form in patient GVA29 from the Canary Islands, who showed
PCD (with dextrocardia and situs inversus totalis) with absence

Table 2. DNAH11 variants found in introns

Intron Base change
4 (=22)T—>C
16 (-8)C—aG
24 (+13)A—>G
24 (=17) ins TTAAT
28 (-3 A—>G
37 (-13)T—>C
38 (-17)A—G
45 (+26)C—>T
45 (-47)G—A
47 (-45) T —>G
48 (+40) T—C
53 (+23)C—>T
53 (-30)T—>C
55 (+200G —A
55 (+22) CA(n)
58 (-43)G—C
62 (-45) A —>G
71 (—20) T(n)
80 (+23)A—=C
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of the dynein arms (outer and inner). R3004, an amino acid of
the fourth AAA domain, is a highly conserved residue in all 8
dynein chains (see Fig. 2). However, one « and one vy dynein
heavy chain in Chlamydomonas have a Q at this position. None
of the CEPH (20) DNAH11 alleles, nor 102 Hispanic control
alleles analyzed had the Q3004 variant. It is therefore possible
that the R3004Q DNAH11 mutation is pathogenic. However, no
pathogenic mutation in the second allele of patient GVA29
could be identified.

The full molecular pathology of PCD has yet to be determined.
Mutations have been found in the DNAII (intermediate axon-
emal dynein chain 1) (8-10) and DNAHS5 (heavy axonemal y
dynein chain 5) (11) gene in a minority (less than 30%) of
patients with PCD. A considerable number of dynein candidate
genes need to be systematically analyzed for pathogenic PCD
mutations. The human genome sequence annotation (http://
www.ncbi.nlm.nih.gov/LocusLink/) contains 14 heavy chain
genes. Moreover, the axonemal dynein arms are composed of
1-3 heavy chains (400-500 kDa), a variable number of interme-
diate chains (45-140 kDa), and one or more light chains (8-28
kDa) (31). To date, exclusion studies of the DNAH9 (14), DNAI2
(13, ¥7), and LCS8 (7T) genes have been reported. FOXJI, a
candidate gene (15), involved in the regulation of expression of
dynein genes has also been excluded. Additional candidates are
provided by mouse models such as the Dnahl/mdhc7 gene
disruption mice (31). The elucidation of the molecular patho-
physiology of PCD will provide a better understanding of the
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